ABSTRACT The effect on thermotolerance of the incompletely dominant frizzle (F) gene, which causes feather curling and feather mass reduction, was investigated in 281 laying hens that were homozygous for the frizzle mutation (FF), heterozygous (FN), or normally feathered (NN). One-half of the birds were kept under standard conditions (22°C) and half were exposed to high ambient temperatures (32°C) between 24 and 46 wk of age. Egg production, egg quality, feed efficiency, and dissection traits were recorded and compared. At standard conditions, egg production and quality traits did not differ among the 3 genotypes, whereas feed efficiency was lower for the homozygous birds. Under heat stress conditions, the superiority of the FF hens was evident for all egg quantity and quality traits. No significant difference was measured between heterozygous carriers and normally feathered hens, indicating that the incomplete dominant frizzle mutation behaved as a recessive mutation regarding heat tolerance. From this study, we deduced that the F mutation in its homozygous state has a beneficial effect in decreasing heat stress in poultry production, and it could be particularly advantageous in tropical countries where average temperatures are never too low to negatively affect feed efficiency.
INTRODUCTION
The ability of homeothermic animals to maintain their body temperature within physiological conditions under a wide range of ambient temperatures (AT) reflects the capacity to balance the amount of internally produced heat and the rate of heat dissipation. However, in birds, heat dissipation capacity is hindered by the insulating property of feathers, which is advantageous in cold conditions (Leeson and Walsh, 2004) but has a negative effect on thermoregulation in hot climates (Yahav et al., 1998) . Heat stress in modern chicken production is a big concern. Undeniably, the constant progress in performance of modern broilers and layers (Hill and Kirkpatrick, 2010) has increased the susceptibility to heat stress of modern commercial breeds (Cahaner, 2008; Chen et al., 2009) . The exposure to high AT has deleterious effects on a large number of productive traits, determining a reduction of growth rate, feed intake (FI), hatching rate, egg production, and egg quality and can be lethal in extreme cases (Etches et al., 2008) .
The increasing concern on production losses due to high AT is not only restricted to the tropical and subtropical areas where poultry production is growing fast (Windhorst, 2006) . It is also an important issue for countries in temperate zones (McDaniel et al., 1996; Singh, 1999; Balnave and Brake, 2005) where heat waves during the summer months can be particular deleterious on productive performance and survivability of chickens reared under intensive production systems (St-Pierre et al., 2003; COPA/COGECA, 2004) .
Reducing feather coverage has proved to increase heat dissipation, allowing for a greater rate of irradiation of body heat and a better thermoregulation (Eberhart and Washburn, 1993) , and it has been the subject of many studies both in broilers and in layers (Bordas and Mérat, 1984; Deeb and Cahaner, 1999; Chen et al., 2004 Chen et al., , 2008 Cahaner et al., 2008; Azoulay et al., 2011) . The most studied genes causing feathers mass reduction are the naked neck (NA), the scaleless (sc), and the frizzle (F) genes. Naked neck chickens have feathered body surface reduced by 20% if heterozygous and 40% if homozygous for the NA mutation (Bordas et al., 1978) . Its adaptive effect at high environmental temperatures has been extensively studied (Hanzl and Somes, 1983; Mérat, 1986; Cahaner et al., 1993; Deeb and Cahaner, 1999; Chen et al., 2004; N'dri et al., 2007) , and the results are unanimous that the NA mutation confers an improved thermotolerance. A more extreme phenotype is observed in chickens carrying the sc mutation, which appear featherless due to a block of feather formation in embryos (Wells et al., 2012) . This mutation has been shown to be advantageous for broiler production at high temperatures (Cahaner et al., 2008; Azoulay et al., 2011) . The F mutation (Hutt 1930 (Hutt , 1936 has a feather curling effect that is visible in heterozygous birds but is more pronounced in homozygous birds and is due to a 69-bp deletion of KRT75, an alfa-keratin gene (Ng et al., 2012) . This alteration of the feather structure causes a generalized feather mass reduction (Haaren-Kiso et al., 1994) and a decrease of the insulating effect of feathers (Mérat, 1990; Yunis et Cahaner, 1999) . The effect of this mutation on resistance to high AT has been less extensively studied than the NA mutation. Studies are mostly restricted to the heterozygous form (Bordas and Mérat, 1990) and often in association with other genes such as the NA gene (Yunis and Cahaner, 1999; Mahrous et al., 2008) , the dwarf gene (Missohou et al., 2003) , or both of them (Garcês et al., 2001) , leading sometimes to rather contrasting results. For example, accordingly to Horst (1987) and Haaren-Kiso et al. (1988) , the F gene also has an adaptive effect to high temperatures at the heterozygous state, whereas Bordas and Mérat (1990) found no beneficial effect associated with the heterozygous frizzle genotype. Similarly, Sharifi et al. (2010) , in a study on the effect of high AT on reproductive performances in homozygous and heterozygous frizzle broilers, found no significant advantage for the heterozygous genotype. The frizzle homozygous hens instead maintained higher reproduction performances under heat stress compared with the normally feathered hens, whereas they were less efficient under temperate conditions. The purpose of this study was to compare the 3 genotypes for the F gene on egg production, egg quality, feed efficiency, and dissection traits under 2 AT in brown-egg layers. A multivariate procedure was applied to investigate relationships among measurements and a discriminant function analysis was used to determine which traits contributed most to variation among groups.
MATERIALS AND METHODS

Genetic Background and Husbandry
The frizzle mutation has been introduced into an INRA experimental gene pool since 1981, starting from 6 cockerels of the Lyonnaise breed. Since then, the gene has been kept segregating by successive crossing with normally feathered brown-egg layers. Six heterozygous males were pedigree-mated to a total of 48 dams of the same genotype (1 cockerel and 8 hens per family), producing progeny of 3 genotypes: homozygous for the mutation (FF), heterozygous (FN), and normally feathered homozygous (NN). Only female chicks were kept and were reared in floor pens, and birds were not beak-trimmed. The AT was decreased gradually from 30°C at hatch to 25°C at 4 wk and to 22°C at 6 wk. The lighting regimen was 10 h of light per day until 18 wk. A starter diet (20% CP and 2,800 kcal of ME/ kg) from 0 to 10 wk and a grower diet (15.3% CP and 2,750 kcal of ME/kg) from 10 to 18 wk were provided. At 18 wk of age, between 83 and 91 pullets per genotype were sampled and transferred in individual cages (25 × 48 cm, 65 cm high) distributed among 6 chambers (6 × 4 m each), containing forty-eight 2-tier battery cages each. The 3 genotypes and sire family were equally distributed among the 6 temperature controlled chambers. The AT was kept at 22°C until 24 wk of age, and then the temperature was increased to 32°C in 3 chambers and maintained at this level until the end of the experiment at 46 wk of age. The choice of starting heat treatment at 24 wk of age was to allow all hens to be at the top of the laying curve. In the other 3 chambers, the AT was kept at 22°C throughout the experiment. Relative humidity could not be controlled but was continuously monitored and ranged from 30 to 50% in the 32°C chambers and from 60 to 80% in the 22°C chambers. The lighting regimen was 14 h of light per day, and a layer diet (15.5% CP and 2,650 kcal of ME/ kg) was provided ad libitum. All birds were produced and maintained at the INRA Experimental Unit PEAT in Nouzilly, France (Pôle d'Expérimentation Avicole de Tours, Nouzilly, authorization C37-175-1, 2007) in accordance with European Union Guidelines for animal care, under authorization 37-002 delivered to D. Gourichon by the French Ministry of Agriculture. Animal procedures were approved by the Departmental Direction of Veterinary Services of Indre-et-Loire.
Measurements
Egg Production Traits and Feed Efficiency Parameters. Egg production traits were recorded daily for each hen from the first day of heat stress (24 wk of age) to 46 wk of age, and egg status was recorded in 4 categories: normal, cracked, soft shell, or double yolk. The laying rate was obtained from the ratio between the number of eggs (whatever the egg status) laid from the onset of stress to the number of days of stress (145 d). The clutch length was calculated as the mean of all clutches in the recording period. Average egg weight was calculated from eggs collected in 2 successive weeks between 32 and 33 wk of age. Shell thickness was measured at the equatorial region with 0.001 mm accuracy with a caliper on a piece of dried shell with membrane. Information of feed efficiency was recorded during a period of 28 d from wk 31 to 34 of age with the following measurements: individual FI, egg mass (EM), average adult BW, and change of BW (∆BW) between the BW at 31 wk of age and that measured at 34 wk. Feed efficiency was obtained by estimating the grams of feed required per gram of EM. Residual feed consumption (RFC) was obtained as the difference between the observed FI and the predicted FI (PFI) for the recorded period (RFC = FI -PFI). The latter was estimated by a multiple regression equation calculated for all hens using 3 independent variables: average BW, BW variation between 31 and 34 wk of age, and EM from 31 and 34 wk of age (Byerly et al., 1980; Bordas and Mérat, 1992) . The prediction function was PFI = 51.5 BW 0.5 + 2.12 ∆BW + 1.26 EM -993.5, with an R 2 of 0.72. The value of 0.5 taken as the power of BW was chosen because closer to the value corresponding to minimal variance of deviations from regression (Leeson et al., 1973; Bordas et al., 1992) . Feed efficiency was obtained from the ratio of FI to EM (FI/ EM).
BW and Dissection Traits. Body weights were measured at 4, 18, 30, and 46 wk of age; rectal temperature was measured with an Ultrakust digital thermometer at 46 wk of age. At the end of the experiment, 51 hens (17 per genotype) from the heated group and 57 hens (19 per genotype) from the control group, across each sire family, were slaughtered by neck cut immediately after head electrical stunning. Body weight after slaughter corresponded to the carcass weight after exsanguination (measured 30 min after bleeding) and was used to estimate blood volume measured as the difference between live BW and BW after slaughter. Feather weight was estimated as the difference between the dry-plucked carcass weight and the BW after slaughter and exsanguination. The carcasses were stored at 4°C for 24 h before dissection of the liver, heart, and abdominal fat following the procedure described by Ricard and Rouvier (1967) . Abdominal fat included the fat deposited around the preventriculus and the gizzard and against the abdominal wall and the cloacae.
Statistical Analysis
Data were analyzed using the "lme" function of the "nlme" package (Pinheiro et al., 2011 ) of R (R Development Core Team, 2012 , with genotypes and AT as main effects, corrected by family as a random effect. The linear model used was the following:
where Y is the dependent variable, µ is the overall mean, G g is the genotype effect (g = 1 to 3), T t is the AT effect (t = 1 to 2), (G × T) gt is the genotype × temperature interaction effect, F k is the sire family random effect, and e igtk is the random error. For the analysis of internal organ weights (i.e., fat, liver, heart, and blood), adult BW was added as a covariable in the model. Prior to analysis, the traits, which were expressed in percentages (percentage of cracked, soft, and double eggs, percentage of days of pause), were converted in arc sine square roots. However, to aid interpretation, least squares means of the raw data ± SE are presented. For the traits measured before the onset of temperature (i.e., BW at 4 and 18 wk of age and date of first egg), the model was as above, except for the (G × T) gt interaction effect that was removed. In this case, G g is included to test the genotype effect and T t is included not to test the effect of the temperature but rather to verify the correct BW randomization of birds between the 2 experimental groups (i.e., control and heat stressed). Because the chamber environmental conditions were highly comparable as confirmed by constant monitoring (data not shown), no chamber effect was included in the model. Least squares means and adjusted P-values were calculated using the "lsmeans" (Lenth, 2012) package in R (R Development Core Team, 2012). The Tukey (honestly significant difference) method was used for comparison among multiple means, which were considered significantly different at P < 0.05. Significance in mortality rate among temperatures was performed in R using the chi-squared test with Yate's continuity correction.
Canonical discriminant analysis was performed with the "discrimin" function of the ade4 package (Chessel et al., 2004) of R (R Development Core Team, 2012). By minimizing the within group variance while maximizing the among-group variation, canonical discriminant analysis provides uncorrelated linear functions of variables (discriminant axes) that best discriminate the predefined groups. A pairwise correlation analysis was performed to identify redundant traits. In the pair comparisons in which r > 0.7, only 1 trait was kept for the analysis. All but 4 traits (i.e., laying rate, clutch length, days of pause, and ∆BW from 30 to 18 wk) were used in the analysis, and those that most contributed to the discrimination were identified.
RESULTS
Effects of AT, Genotype, and Interaction
In total, 281 hens were used for this study, 141 were reared at 32°C and 140 at 22°C. The number of dead birds was low and distributed among families, and it was not significantly different (chi-squared = 2, P = 0.15) between the 2 temperatures (2 FF, 6 FN, and 4 NN at 32°C vs. 0 FF, 3 FN, and 3 NN at 22°C). Performance data of dead hens were discarded from the analyses.
Least squares means and SE for the main and interaction effects and their significance for egg production and quality traits are summarized in Table 1 , for BW and body temperature in Table 2 , for feed efficiencyrelated traits in Table 3 , and for anatomic traits in Table 4 . Within a column, least squares means for main effect or interaction with different superscripts differ significantly (P < 0.05). Egg number includes all types of eggs, including the abnormal ones. *P < 0.05; **P < 0.01; ***P < 0.001. Within a column, least squares means for main effect or interaction with different superscripts differ significantly (P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.001.
Egg-Related Traits
Statistical analysis of egg production and composition traits (Table 1 ) revealed a significant influence of the F gene as well as of the AT for most egg-related traits. The FF genotype was significantly different from the FN and the NN genotypes for all measured characters except for the proportion of cracked eggs. High AT decreased egg production and composition traits: egg number, laying rate, clutch length, mean egg weight, *P < 0.05; **P < 0.01; ***P < 0.001. and shell thickness were reduced significantly. At the same time, the days of pause and the proportion of cracked eggs were increased. Significant genotype × temperature interactions were present for several of these traits (Table 1) . Under normal temperatures, egg numbers, laying rate, days of pause, and mean egg weight did not differ significantly between the 3 genotypes, whereas under heat stress, the egg production of FN and NN birds was significantly reduced. For these birds, the egg laying rate dropped by 30% compared with performances at 22°C (Figure 1) ; the days of pause almost tripled and egg weight was reduced by 9%. No significant change was seen for the FF hens exposed to heat stress compared with performance at temperate conditions. A significant genotype × temperature interaction was also detected for the proportion of cracked eggs and shell thickness. High AT doubled the proportion of cracked eggs in FN and NN birds, whereas the trend was in the opposite direction for the FF hens, for which cracked eggs were less frequent under hot conditions. Shell thickness was also reduced due to heat stress but exclusively in the FN and NN birds. The proportion of shell-less eggs and double-yolk eggs was very small among genotypes and conditions. No significant effects were found for shell-less eggs, and a significant genotype effect was found for double-yolk eggs due to the slightly higher proportion detected in frizzle carrier hens. Table 2 gives the mean values and SE for BW measured before and after the onset of the temperature challenge (at 24 wk of age). Statistical analysis of BW at 4 and 18 wk of age revealed only a mild genotype effect for the latter due to significantly heavier heterozygous birds compared with the normally feathered birds. For BW-related traits measured after the onset of the heat challenge, a significant influence of the AT was detected for all of them, with the exception of ∆BW2 (BW at 46 -BW at 30 wk of age). Interactions were also significant for all BW-related traits. For BW at 30 wk of age and for ∆BW1 (BW at 30 -BW at 18 wk of age), a rank inversion was observed between the FF and the other 2 genotypes between the 2 temperatures, explained by a larger weight loss for the FN and the NN genotypes under heat stress (−12%). For BW at 46 wk of age and for ∆BW2, the FF genotype was significantly lighter and experienced the smallest BW change at temperate conditions, explaining the significant genetic effect. This significant difference was, however, not detectable under heat stress due to an increase in weight gain under hot conditions for the FF genotype, whereas reduction of BW was registered for the 2 other genotypes. For rectal temperature, there was no significant effect of the F gene nor significant genotype × temperature interaction. Only a mild temperature effect was found (Table 2) .
BW-Related Traits
Feed Efficiency-Related Traits
With the exception of the feed efficiency trait (grams of feed/gram of EM), all other feed efficiency-related traits showed a high temperature effect and a significant genotype × temperature interaction (Table 3) . The average BW was significantly reduced under hot conditions. However, for the egg production traits, the adverse effect of heat stress was higher for the FN and the NN hens than for the FF genotype, as revealed by the rank inversion observed between the FF and the other 2 genotypes, under heat stress, compared with the temperate condition. A similar trend was also observed for ∆BW (Table 3) . Heat stress also reduced EM, FI, and residual FI in the 3 genotypes, and a significant genotype × temperature interaction was observed. Egg mass did not differ significantly between the 3 genotypes at temperate conditions, whereas under heat stress, EM of FN and NN genotypes dropped significantly. A larger FI was measured for FF hens compared with the other 2 genotypes at both temperature conditions; however, the difference was more pronounced under heat stress because of the larger reduction of FI (−27%) of the FN and NN genotypes. An opposite trend was instead present for the residual FI. The residual FI of FF hens at temperate conditions was significantly larger, whereas, under heat stress, it was closer to that of the other 2 genotypes (Table 3) . No significant effects were discernible for feed efficiency expressed as grams of feed per gram of EM, which can be explained by the strong correlation existing between FI and EM (r = 0.7, P < 0.0001).
Anatomic and Dissection Traits
Anatomic traits were not all affected by genotype, temperature, or both in the same way, and a few significant interactions were identified. No significant effects were found for liver weight. Heat stress instead led to a reduction of BW after slaughter as well as heart weight and blood volume, and led to an increase in abdominal fat and feather weight (Table 4) . A significant interaction between AT and feathering genotype was shown for BW after slaughter, heart, and feather weight. The result of BW after slaughter confirmed the gain in weight of the FF birds in hot conditions, whereas the other 2 genotypes experienced a BW loss of 12% compared with their weight at thermoneutrality. On the contrary, a generalized increase in abdominal fat was present for the 3 genotypes at high AT, explaining the temperature effect and the lack of significant genotype × temperature interaction for this trait. The difference in heart weight between the FF and the other 2 genotypes was particularly important at temperate conditions and its reduction under heat stress was more severe (−18%) than for the FN and NN genotypes (−5 and 9.6%, respectively). Frizzle homozygous birds were also characterized by larger blood volumes at both temperatures, but the reduction registered under heat stress was comparable between genotypes (between 8 and 9%).
The results concerning feather content show a dramatic reduction (−76%) associated with the FF genotype and a milder, but still significant, reduction (−18% at temperate condition) for the FN compared with the NN genotype. Under heat stress, the difference between the FN and NN genotype was not significant and a generalized increase in feather content (8% for FF and NN and 24% for FN genotypes) was registered.
Discriminant Analysis
The graphical summary of the discriminant analysis for the first 2 discriminant axes is given in Figure 2 , representing the 2-dimensional projections of the class score means (a) and the partial contribution of a subset of variables to the first 2 discriminant axes (b). The discriminant axis 1 separated the groups mainly on a temperature basis even though the FF 32°C group is at an intermediate position, being closer to the 22°C cluster than to the 32°C one. The discriminant axis 2 separated mostly the FN and the NN genotypes at 22°C from the FF 22°C. Interestingly, the FN and NN genotypes cluster together at both temperatures, reflecting similar performances of the 2 genotypes when reared under equal environmental temperature.
The discriminant analysis was also performed to identify the traits that maximized the differences among the 6 groups (defined by the 3 genotypes and the 2 temperatures). Results are summarized in Figure 2b , which is a graphical representation of the correlation between the variables and the first 2 discriminant functions. For simplicity, we plotted only the 5 most discriminating variables for axis 1 and axis 2, respectively. Feed intake, number of eggs, and EM were the most discriminating variables for axis 1, whereas residual FI and several BW-related traits were most discriminant for axis 2 (Figure 2b) .
DISCUSSION
The adaptive effect of the F gene to heat has been underestimated, as most previous studies considered only heterozygous carriers of the mutation (Bordas and Mérat, 1990) , often in association with other mutations affecting plumage coverage and body size (Yunis and Cahaner, 1999; Garcês et al., 2001; Missohou et al., 2003) . In this paper, we evaluated the adaptive effect of Figure 2 . (a) Two-dimensional projections of the 6 class score means (3 genotypes × 2 temperatures): FF 22 = frizzle homozygous at 22°C; FN 22 = frizzle heterozygous at 22°C; NN 22 = normally feathered at 22°C; FF 32 = frizzle homozygous at 32°C; FN 32 = frizzle heterozygous at 32°C; NN 32 = normally feathered at 32°C; (b) the partial contribution of the 8 most discriminant variables to the first 2 axes: FI = feed intake; NE = number of eggs; EM = egg mass; ST = shell thickness; CBWa = change in BW (30-18 wk); ABW = average BW; CWBb = change in BW (46-30 wk); pCE = percentage of cracked eggs; R = residual feed intake.
the F gene in its heterozygous and homozygous forms, avoiding interactions with other potentially adaptive mutations.
Genotype × Environmental Interaction in Egg-Related Traits
Egg production and quality traits of the FF hens at 22°C were remarkably similar to those of the FN and NN genotypes (Figure 1, Table 1 ). On the contrary, at 32°C the FF genotype had a clear superiority over the 2 other genotypes, showing a good adaptive response to long-term heat. The FN and NN genotypes reared at 32°C manifested the typical signs of discomfort already observed in other chicken breeds (Nordstrom, 1973; Bordas and Minvielle, 1997; Mashaly et al., 2004; Lin et al., 2004) : a reduction in egg number and laying rate (−30%), an increase of cracked egg proportions (+100%), a reduction in mean egg weight (−8%) and EM (−22%), and a significant shell thinning (between −6 and −9%). Interestingly, Sharifi at al. (2010) described a reduction in egg production in temperate conditions in FF broilers compared with normally feathered sibs. We did not detect such an adverse effect associated to the F gene. This difference certainly depends on differences in the genetic backgrounds of the chickens in the 2 studies; however, it might also depend on different feeding regimens, ad libitum in our case and restrictive in the study of Sharifi et al., a regimen that probably did not cover all energy requirements of FF birds at temperate conditions.
Genotype × Environmental Interaction for BW and Temperature and Feed Efficiency-Related Traits
It was shown in previous studies that the depression in egg production and quality due to long-term heat stress is generally accompanied by a reduction in FI and weight gain (Cahaner and Leenstra, 1992; Bordas and Mérat, 1984; Bordas and Minvielle, 1997; Chen et al., 2004) . We observed the same effects, but restricted exclusively to the FN and NN genotypes. A significant G × T interaction was found for BW and BW change at different age points (Tables 2 and 3 ). Several of them were characterized by a change in ranking between the FF and the 2 other genotypes. The FF genotype was the lightest with the smallest weight gain at 22°C, whereas it was the heaviest with the largest weight gain at 32°C. At 46 wk of age, the FF genotype at 22°C was the lightest and exhibited the smallest weight gain, whereas such differences were not present at 32°C (Table 2). This probably reveals an increasing discomfort of the FF genotype at temperate conditions, probably due to the progressive loss of feathers throughout the bird laying period, making them more sensitive to low temperate conditions with aging. Although this could affect egg production, in this study we did not observe such an effect (Figure 1) , probably because the birds were not under a restrictive regimen and could compensate the larger loss of energy by increasing FI (Table 3) .
Due to the significant decrease in performance at high AT of FN and NN genotypes, we were expecting to see a significant difference in body temperature in these genotypes; however, this was not the case and all genotypes had similar body temperatures. One explanation could be that the heat stress applied was strong enough to affect performances but not enough to alter the internal body temperature of the birds, perhaps accentuated by the fact that weighing was performed on 24-h fasting birds. However, a sex effect cannot be ruled out, as described by N'dri et al. (2007) , where an increase in body temperature under hot environmental condition (27°C to 33°C) was significant for males but not for females of slow-growing meat-type chickens.
Feed intake and EM decreased significantly at high AT, but no effect was observed on feed efficiency, expressed as grams of feed/gram of EM, due to the high correlation (r = 0.7, P < 0.0001) existing between FI and EM at the 2 temperatures. In agreement with Bordas and Minvielle (1997), we found that heat affected RFC, but the effect was not the same among the genotypes. At 32°C, the reduction of FI (−27%) in the FN and NN genotypes was correlated to the loss of BW (−12%), whereas the reduction in FI (−17%) in the FF genotype did not determine a loss in BW nor a reduction of EM (Table 3) .
This could be interpreted in terms of a difference in energy allocation for the FF genotype at the 2 temperatures. The RFC of the FF genotype was very high at 22°C and improved under heat stress (351 g/28 d at 22°C vs. 23.7 g/28 d at 32°C, without reduction of maintenance requirements). The increased RFC of FF birds at 22°C can be explained considering that the amount of energy required to maintain body temperature is positively correlated to the amount of FI and metabolic rate. At 22°C, FF hens, which had a 77% reduction of feather content (Table 4) , were probably not at their thermal optimum, which is not unusual for low feathered hens at this range of temperatures (Bordas and Mérat, 1984; Cahaner et al., 2008) . Thus, to maintain their body temperature at normal levels, FF birds probably had to i) increase their FI and reduce fat storage, and ii) increase their metabolic rate and concurrent demand for O 2 delivery to thermogenic tissues.
Anatomic and Physiological Traits
A significant genotype × temperature interaction was identified for heart weight. Fizzle homozygous hens had a significantly larger heart weight compared with the other 2 genotypes, but this was particularly evident at 22°C. This difference in size could be explained in terms of increased energy requirements of FF hens at temper-ate conditions previously discussed, which might cause a surcharge of the vascular system activity explaining the larger heart size and blood volume found in this genotype (Table 4) . Interestingly, the negative correlation between the heart weight and the AT (Table 4) observed in the FF hens was also observed in broilers with different feather coverage exposed at varying AT (Yahav et al., 1997; Cahaner et al., 2008) and heart size was suggested as an indicator of the actual AT felt by the bird. Other internal organs were also affected by heat exposure. In addition, the enhanced abdominal fat deposition under hot conditions (Table 4) , particularly important for the FF genotype, could be a sign that more dietary energy was stored as fat rather than being used to compensate heat loss at temperate conditions. As expected, the FF genotype was characterized by a feather reduction of 77%, whereas the overall feather mass of FN birds was not significantly reduced compared with their normally feathered sibs (Table 4) . We note that Haaren-Kiso et al. (1994) previously reported a 40% decrease in feather intensity for adult heterozygous birds; it is not clear why there is such a large difference among studies. Perhaps the phenotypic effect of the F gene is not the same among different chicken breeds, or more simply, the degree of feather damage, which is known to increase with the age of the bird, is not the same among studies. Another puzzling result is the increase of feather content under hot conditions in the FN and NN genotypes. We do not know the reason for this, but it is perhaps related to the lower egg production at high AT and to the larger resources consequently available for feather synthesis and maintenance (Tixier-Boichard et al., 1994) .
Discriminant Analysis
The discriminant analysis nicely summarizes the large differences existing between FF and FN genotypes at the 2 temperatures. At 22°C, the significantly larger FI and residual FI of the FF genotype justify its marginal position in the discriminant analysis and explain why these 2 traits are the most informative in discriminating among groups (Figure 2a, b) . On the contrary, the tight clustering of the FN with the NN genotype reflects comparable performances measured at both experimental conditions (Tables 1, 2 , and 3, Figure 1 ). Heterozygous frizzle hens were penalized at 32°C as much as their normal sibs: the similar reduction in performance of these 2 genotypes (Tables 1, 2 , and 3) suggests that the F gene, in the heterozygous form, has no adaptive effect on heat stress. Such a result is in agreement with previous results (Bordas and Mérat, 1990; Yunis and Cahaner, 1999) but not with the result obtained by Haaren-Kiso et al. (1994) , where an adaptive heat advantage was seen for FN hens. This discrepancy among studies is probably due to the variable content of feathers of FN birds.
Conclusions
In this paper, the frizzle mutation in laying hens behaves as a recessive mutation regarding heat tolerance, whereas it has an incomplete dominant effect on feather structure. Although the F allele does not affect the number of feathers, frizzled feathers tend to break, especially in FF birds; hence, their number also decreases as the birds get older. This leads to a drastic reduction of feather mass (77% at 46 wk of age in this study, and 60% in Haaren-Kiso et al., 1992) that increases the effective surface of heat dissipation. It has been proposed that the beneficial effect of the F gene on broilers reared at high AT is less than that of the NA gene (Yunis and Cahaner, 1999) , whereas the inverse has been observed in local pullets reared in humid tropical environments (Oke, 2011) . We did not compare the 2 mutations in this study, but the results obtained suggest that in layers, FF hens have comparable performances at high temperatures to those obtained by naked neck homozygous hens (Mérat, 1986) , with the advantage that reproductive performances are not affected by the F gene (Sharifi et al., 2010) as has been observed for the homozygous NA (Mérat, 1986; Chen et al., 2008) . Thus, from this study we can deduce that the F gene has a large effect in decreasing heat stress in poultry production, but the poor feed efficiency of the FF hens makes the use of this genotype advantageous, especially in tropical countries where average temperatures are never low enough to negatively affect feed efficiency of FF carriers. This confirms previous observations that genetic superiority in one environment may not be true for other environmental conditions (Mathur, 2003) . Moreover, the experiments in climatic chambers provide useful information on the adaptability of genotypes to varying temperatures, but cannot completely replace field tests (Horst, 1998; Chen et al., 2008) . As such, a larger use of the F gene could be proposed to improve heat tolerance in poultry production; however, a specific breeding program should be designed to make use of the frizzle mutation and to evaluate its potentiality under varying tropical conditions.
